Primary productivity (PP), bacterial productivity (BP) and the uptake rates of nitrate and ammonium were measured using isotopic methods ( 13 C, 3 H, 15 N) during a mesoscale iron (Fe)-enrichment experiment conducted in the western subarctic Pacific Ocean in 2004 (SEEDS II). PP increased following Fe enrichment, reached maximal rates 12 days after the enrichment, and then declined to the initial level on day 17. During the 23-d observation period, we observed the development and decline of the Fe-induced bloom. The surface mixed layer (SML) integrated PP increased by 3-fold, but was smaller than the 5-fold increase observed in the previous Fe-enrichment experiment conducted at almost the same location and season during 2001 (SEEDS). Nitrate uptake rates were enhanced by the Fe-enrichment but decreased after day 5, and became lower than ammonium uptake rates after day 17. The total nitrogenous nutrient uptake rate declined after the peak of the bloom, and accumulation of ammonium was obvious in the euphotic layer. Nitrate utilization accounted for all the requirements of N for the massive bloom development during SEEDS, whereas during SEEDS II, nitrate accounted for >90% of total N utilization on day 5, declining to 40% by the end of the observation period. The SML integrated BP increased after day 2 and peaked twice on day 8 and day 21. Ammonium accumulation and the delayed heterotrophic activity suggested active regeneration occurred after the peak of the bloom. The SML integrated PP between day 0 and day 23 was 19.0 g C m -2 . The SML integrated BP during the same period was 2.6 g C m -2 , which was 14% of the SML integrated PP. Carbon budget calculation for the whole experimental period indicated that 33% of the whole (particulate plus dissolved) PP (21.5 g C m -2 ) was exported below the SML and 18% was transferred to the meso-zooplankton (growth). The bacterial carbon consumption (43% of the whole PP) was supported by DOC or POC release from phytoplankton, zooplankton, protozoa and viruses. More than a half (56%) of the whole PP in the Fe patch was consumed within the SML by respiration of heterotrophic organisms and returned to CO 2 .
Introduction
It has been more than a decade since the first mesoscale Fe enrichment experiment was conducted in the equatorial Pacific Ocean in 1993 (Martin et al., 1994) . After this initial experiment, a dozen similarly designed mesoscale experiments were performed in the three major HNLC regions (the equatorial Pacific, Southern Ocean, and subarctic Pacific). All experiments have shown positive algal responses to Fe enrichment, although the extent and magnitude of the resulting algal blooms were dissimilar due to their different physical conditions and ecological components (de Baar et al., 2005) . In the subarctic Pacific Ocean, mesoscale experiments were performed in the western (SEEDS) and eastern (SERIES) regions in 2001 , respectively (Tsuda et al., 2003 Boyd et al., 2004) . These two experiments both showed that Fe enrichment stimulates primary productivity and results in an increase in phytoplankton biomass. The SEEDS experiment apparently showed that HNLC water of the western subarctic Pacific Ocean have the highest potential to produce organic carbon following Fe-enrichment (Tsuda et al., 2003) . SEEDS was characterized by the highest chlorophyll a concentration achieved, greatest increase in primary productivity, and largest drawdown of macronutrients and dissolved carbon dioxide among the first nine Fe enrichment experiments conducted in the HNLC waters (de Baar et al., 2005) . However, two weeks lagrangian observation in the Fe-enriched waters was insufficient to follow the complete bloom trajectory. The SEEDS II experiment in 2004 was conducted at almost the same place and timing of SEEDS, but with a lengthened observational period to follow the complete bloom development and decline phases.
In this study, we examined the phytoplankton response to Fe enrichment by measuring particulate primary productivity, biomass (as chlorophyll a), and inorganic nitrogen uptake rates (nitrate and ammonium) throughout the experiment. The response of heterotrophic bacterial biomass and productivity were measured to estimate carbon flow through the microbial food web. We have attempted to construct a carbon budget during the experiment by integrating our measured rates of primary productivity with the POC inventory, export flux, zooplankton grazing rates, and heterotrophic bacterial carbon demand.
Materials and methods

General design of Fe enrichment experiment
Fe-enrichments (with inert tracer SF 6 , sulfur hexafluoride) were conducted on July 20 (GMT) at 48°N, 166°E (day 0) and six days later (day 6) during the SEEDS II cruise in the western subarctic Pacific Ocean from July 13 to August 27, 2004 aboard the R.V. Hakuho Maru and R.V. Kilo-Moana. Observations and sampling were carried out for a total of 26 days. Samples were collected from both inside the Fe-fertilized patch (hereafter referred to as IN) and at control stations outside the patch (hereafter referred to as OUT). The location of the IN and OUT stations was determined by horizontal surveys of subsurface (5 m) concentration of SF 6 and/or pCO 2 measured onboard. The methodology for the actual Fe-enrichment and tracking of the Fe-patch is described by Tsumune et al. (2005) . More details of the sampling strategies are described in Tsuda et al. (2007) .
Primary productivity and nitrogenous nutrient uptake
Water samples for particulate primary productivity (PP) were collected with Teflon ® -coated, trace metal clean Niskin X type samplers attached to CTD-CMS from 6 light penetration depths (100, 55, 33, 10, 3 and 1% of the surface irradiance). The sampling depths were determined from the irradiance profile obtained just before the CTD casts and are listed in Table 1 . Surface irradiance (I 0 ) was monitored with a 2π sensor (ML-020P, Eko Instruments, Hakuho Maru) and a cosine sensor (LI-190SA, LI-COR, Kilo Moana), and underwater irradiance was measured with a PRR-600 (Biospherical Instruments Inc). Water samples were dispensed into acid-cleaned, polycarbonate (Nalgene) bottles (250 mL) on deck. An aliquot (1% of total inorganic carbon) of 13 C-labeled NaH 13 CO 3 (99 at-%; Shoko Co., ltd) was added to each bottle within an hour after sampling.
Triplicate incubations were conducted for each light depth in deckboard Plexiglas ® seawater tanks (100% I 0 ), or in light attenuated, thermo-controlled (temperature at each depth) tanks (the other light depths) for 24 hours. Light attenuation was achieved using a combination of blue film and black mesh screens. After the incubations, particulates were collected by filtration (pre-combusted Whatman GF/F filters), and the filters were stored in a -80°C deep freezer. The measurement principles, equipment and calculations were described in Hama et al. (1983) , and the detailed methodology is outlined by Imai et al. (2002) and Kudo et al. (2005) . Depth-integrated particulate primary productivity was calculated by trapezoidal integration of the surface mixed layer (SML) because distribution of enriched Fe and subsequent effect was limited to this layer.
Nitrate and ammonium uptake experiments were conducted in duplicate after inoculation with 1.0 µM 15 N-potassium nitrate (99.2 atom %; Shoko Co., Ltd) or 0.1 µM 15 N-ammonium sulfate (99.6 atom %; Shoko Co., Ltd), respectively. Sampling and handling were the same as for the primary productivity experiments, but N uptake measurements only were conducted on samples from the 55% light penetration depth. Absolute and biomass specific (N taken up per unit particulate nitrogen [PN]) uptake rates, estimated from 15 N accumulation in the particulates, were calculated using equations numbered 3 and 5, respectively of Dugdale and Wilkerson (1986) ; ammonium uptake rates were not corrected for the effects of isotopic dilution, and thus are likely underestimates of the true ammonium uptake rates (Glibert et al., 1982) . We also have not estimated potential losses of 15 N to the DON pool (Bronk et al., 1994) . The ratio of nitrate uptake to total nitrogen (nitrate and ammonium) uptake, termed the f-ratio (Eppley and Peterson, 1979) , is used to estimate 'new' and 'regenerated' production (Dugdale and Goering, 1967) . The isotopic enrichment of carbon and nitrogen were measured with an ANCA-SL Stable Isotope Analysis System (Europa Scientific).
Triplicate samples were analyzed for C, and the N analysis was conducted on one of the duplicate samples.
Unfiltered samples for nutrient analysis were stored frozen at -30°C. Nutrients were measured in duplicate with a TRAACS 800 Analyzer (Bran-Luebbe). Total chlorophyll-a (Chl-a) concentration was determined using non-acidification, in vitro fluorometric analyses (Welshmeyer (1994) after filtration onto Whatman GF/F filters (0.7-µm). Size-fractionated biomass was determined by filtration of 500 mL of seawater onto Nuclepore polycarbonate filters (10, 2 and 0.2 µm pore size). Samples were extracted in N,-N, dimethylformamide (DMF) for ca. 24 hours (-20 °C), and fluorescence was measured with Turner Designs 10AU fluorometers calibrated at the beginning of each cruise with pure chlorophyll a (Suzuki and Ishimaru, 1990) . The definitions for the size fractions were as follows:
micro-sized (retained on a 10 µm filter), nano-sized (passing through 10 µm filter but retained by 2 µm filter), and pico-sized (passing through 2 µm filter but retained on 0.2 µm filter).
Bacterial productivity and abundance
Water samples for bacterial productivity were collected as previously described for PP, but only from 2 light depths (55 and 10%) were sampled during day 14 and day 21. Bacterial productivity was estimated measuring 3 H-leucine uptake to bacterial protein (Kirchman et al., 1985, Simon and Azam, 1989) . Triplicate water samples (10 mL) were dispensed into sterile polystyrene test tubes, 3 H-labeled leucine added at a final concentration of 20 nM, and samples incubated in the dark at simulated in situ temperatures for 6 h. Incubations were terminated by the addition of 500 µL of 100% TCA (trichloroacetic acid). Particulate matter was collected on 0.22-µm cellulose Millipore filters, rinsed twice with 2 mL of ice-cold 5% TCA for 2-3 min, and further rinsed with ice-cold 80% ethanol. Filters were placed into 10 mL liquid scintillation vials containing scintillation cocktail (Ultima Gold AB, Parkin Elmer) and counted with a Wallec 1414 liquid scintillation counter.
Bacterial productivity was calculated using the standard conversion factors (Simon and Azam, 1989) .
Blank correction was made by duplicate TCA-killed (final conc. 5%) samples. Relative standard deviation (CV) for triplicate measurements was generally less than 5%.
Bacterial abundance was obtained following the method of Suzuki et al. (2005) . Duplicate water samples (2 mL) were preserved with paraformaldehyde (0.2% final concentration), and stored in a deep-freezer at -80 °C or in liquid nitrogen until analysis on land. A flow cytometer (FCM; 6 EPICS XL ADC, Beckman Coulter) equipped with a 15 mW air-cooled laser exciting at 488 nm and the standard filter setup was used to enumerate heterotrophic bacteria. Prior to analysis, samples were thawed, and then drawn through 35-µm nylon mesh-capped Falcon cell strainer (Becton-Dickinson) to remove larger cells. Cells were stained with the nucleic acid stain SYBR Green I (Marie et al., 1997) . Working stocks of SYBR Green I (10 -3 of the commercial solution, Molecular Probes) were freshly prepared on the day of analysis, and 10% of the working stock was added to sub-samples, and incubated in the dark at room temperature (25°C) for 30 min before analysis. The incubated samples were mixed with a certain volume of Flow-Count fluorospheres (Beckman Coulter), a fluorescent microsphere reagent for determining the cell concentration of the samples, and the concentration of the beads was determined by the manufacturer, and then analyzed.
The Fluoresbrite YG beads (Poly Sciences) of 0.5 and 2 µm in diameter were used separately from the samples for estimating an approximate estimate of cell size under the same FCM setting.
Depth-integrated bacterial productivity and abundance was calculated by trapezoidal integration of the surface mixed layer (SML). In case the sampling depth for bacterial productivity was shallower than the SML (from day 14 to 21), the value for the bottom of SML was estimated from the profiles of contiguous days because of a smaller variation in this layer.
Results
Physical conditions
Temperature and salinity at surface on the day of Fe enrichment (day 0) was 8.3 °C and 32.93, respectively and vertically homogeneous to 20 m (Figs. 1A,B ). The surface temperature increased gradually and was 11.9 °C on day 25. The surface salinity decreased after day 9 from 32.86 to 32.84 on day 25. The surface mixed layer (SML) depth, defined as the depth within 0.2 difference of sigma-t at the surface, was 20 m on day 0 and deepened to 34 m on day 8, but shallowed to 20 m on day 10 ( Fig. 1) . The SML depth varied between 20 and 34 m until day 17, but was 12 m on day 25.
Daily photon flux fluctuated between 10 and 58 E m -2 d -1 depending on degree of cloud cover (Saito et al., this issue) . The euphotic layer, defined as 1% of the surface irradiance, was 41 m on day 0, shallowed to 25 m by day 8, remained relatively constant (averaging 35 m) until day 25 before deepening to 46 m on day 25 (Table 1 ). The mean euphotic layer depth of the outside was 43 m (ranging from 38 to 46 m).
Nutrients and Chl a
Prior to Fe enrichment, the ambient concentrations of nitrate, silicic acid and phosphate at 5 m were abundant: 18.5, 38.5 and 1.61 µM, respectively (Figs. 1C and 2). The concentrations of nitrate, silicic acid and phosphate in the IN-patch decreased relatively linearly, and were 13.9, 34.7 and 1.44 µM on day 23, respectively. The concentrations of these nutrients within the SML were very similar to those at 5 m (e.g., nitrate: Fig. 1C ). Nitrate, silicic acid and phosphate also decreased gradually in the OUT-patch on day 23 to 16.3, 34.3 and 1.53 µM, respectively. The net decrease in the IN-patch (difference between IN-and OUT-patch) between day 0 and day 23 was 2.4, -0.4 and 0.09 µM for nitrate, silicic acid and phosphate, respectively. The ambient concentration of ammonium was low (0.1 µM) at 5 m for the first 2 weeks after Fe enrichment, but increased up to 0.5 µM on day 21 (Fig.   1D ). The ammonium inventory between 0 and 20 m in the IN-patch was relatively constant until day 13, increased three fold on day 14 and was highest at 10 mmol m -2 on day 21 (Fig 3) . A steady increase in ammonium was observed below the SML although there was some fluctuation. The concentration of ammonium at 30 m was 1.2 µM on day 25, with net increase of 0.7 µM during the observation period. More details on nutrient dynamics are described in Saito et al. (this issue) .
Mean Chl-a concentration in the SML was 0.8 mg m -3 on day 0, increased gradually over the next 10-12 days, and reached a maximum of 3.0 mg m -3 at 2 m on day 11 ( Fig. 1E ). After the peak, it decreased and returned to the initial Chl-a concentration < 1 mg m -3 . High Chl-a concentrations >2.0 mg m -3 were observed between days 5 and 16 within the SML.
Nanoplankton-sized (2-10 µm) Chl-a dominated the phytoplankton assemblage (47.7% of the total Chl-a) on day 0 at 5 m, followed by the picoplankon-sized (0.2-2 µm) fraction (25.3% of the total Chl-a; Fig. 4 ). Following Fe enrichment, Chl-a concentrations increased with time in all size-fractions measured, but the relative proportions of each size fraction to the total biomass did not change substantially during the development of the bloom (day 2 to 8). At the peak of total Chl-a at 5 m on day 10, the relative proportion of nano-, pico-and micro-sized plankton was 41.3, 35.8 and 23.9%, respectively ( Fig. 4B) . Then, the contribution of picoplankton-sized Chl-a increased and that of microplankton-sized Chl-a gradually decreased.
Primary productivity
Particulate primary productivity on day 0 was 15-25 mg C m -3 d -1 in the surface mixed layer ( Fig. 1F) . A 2-fold increase was observed after day 4 (50 mg C m -3 d -1 at 3 m), and the maximum rate of 110 mg C m -3 d -1 was observed at 2 m on day 10, which was four times greater than the initial PP at this depth. The high PP rates measured at the surface (>100 mg C m -3 d -1 ) continued until day 11, and decreased gradually. After day 17, PP rates in the SML (Fe patch) were the same as those observed on day 0. Similar increases in PP following Fe enrichment were not observed below the SML, where PP increased by only <20 mg C m -3 d -1 . The SML integrated PP was 0.39 g C m -2 d -1 on day 0, increased rapidly after day 2 and peaked during day 5 and day 11 at >1.0 g C m -2 d -1 (Fig. 5 ).
The SML integrated PP decreased to the initial value on day 17 and remained constant until the end of the observation. Outside the patch, the SML integrated PP increased on day 11 (0.72 g C m -2 d -1 ), and decreased to the initial value afterward (Fig. 5 ). The SML integrated PP summed for the entire observation period (23 days) was 19.0 and 12.2 g C m -2 for IN-patch and OUT-patches, respectively (integration period for OUT-patch was adjusted from 24 to 23 days).
N uptake
The PN specific uptake rate of NO 3 at 55% I 0 inside the Fe patch ( Fig. 6A ) was 0.0016 h -1 on day 0, increased 10-fold to 0.016 h -1 by day 5, and then gradually decreased to the initial rate on day 23. The PN specific NH 4 -uptake rates varied from 0.0007 to 0.0026 h -1 for the first 10 days, and then increased to 0.0047 h -1 on day 16 and 23. The absolute uptake rate of nitrate on day 0 was 0.0065 µM h -1 (Fig. 6B ). It increased to 0.06 µM h -1 on day 5, then decreased gradually and returned to the initial rate by day 23. The absolute uptake rate of ammonium was ~0.01 µM h -1 until day 5 and then increased up to 0.017 µM h -1 on day 17 when the uptake rate of ammonium was greater than that of nitrate. The uptake rate of nitrate and ammonium outside the Fe patch did not change throughout the observation (data not shown). The f-ratio was ~0.7 at the beginning the Fe-experiment, increased to >0.8 on day 5 and 11( Fig. 7) , before declining to ~0.4-0.5 by day 17 and subsequent sampling dates.
The f-ratio in the OUT-patch ranged from 0.5 to 0.6
Heterotrophic bacterial biomass and productivity
The abundance of heterotrophic bacteria (BA) was ~1x10 11 cells m -3 on day 0 and distributed almost homogeneously throughout the surface mixed layer (Fig. 1G ). BA increased after Fe enrichment, and peaked on day 14 at 4x10 11 cells m -3 ; a four-fold increase. It decreased to 2x10 11 cells m -3 on day 19 and increased again to 3x10 11 cells m -3 on day 21-23. BA below the surface mixed layer was less than 1x10 11 cells m -3 until day 20, but increased slightly up to 2x10 11 cells m -3 between day 20 and 25. Bacterial productivity (BP) in the SML of the IN-patch was 4 mg C m -3 d -1 on day 0, and increased from day 4 to 7-8 mg C m -3 d -1 and remained constant until day 12 ( Fig. 1H ).
Then, BP subsequently declined to 3.3 mg C m -3 d -1 on day 17, but increased again to 8 mg C m -3 d -1 on day 23. The SML integrated BA showed higher values after day 8 relative to the OUT-patch (Fig.   8 ). This value dropped to the same value to the OUT-patch on day 18 and rose again on day 23. The SML integrated BP increased after day 5 compared with the OUT-patch (Fig. 8 ). This value decreased after day 8 to the same value to the OUT-patch on day 17 and increased again on day 21.
Discussion
Enhancement of C and N uptake by Fe enrichment
Particulate primary productivity was enhanced after Fe enrichment, and the SML integrated PP (day 0-23) in the IN-patch (19.0 g C m -2 ) was 1.6-fold greater than that in the OUT-patch (12.2 g C m -2 ) during this study. The maximum concentration of Chl-a in the IN-patch was 3.0 mg m -3 (day 11, 2 m) while Chl-a on the same day in the OUT-patch was <1.0 mg m -3 . Chl-a specific primary productivity (i.e., assimilation number) at 55% I 0 was greater in the IN-patch until day 10 than observed in the OUT-patch ( Fig. 9 ) although there were no differences after day 10. This indicates that the increase in PP for the first 10 days was not merely a function of the increased biomass, however by day 12 the assimilation numbers in both patches were similar, so the maximum difference in the integrated PP on day 12 between IN and OUT patches reflects the difference in the phytoplankton biomass. Higher assimilation numbers in both patches were observed at the end of the observation. This seemed the adaptation effect to an increase in daily PAR flux after day 20, resulting in a decrease of cellular photosynthetic pigments (Falkowski and Raven, 1997) .
The absolute uptake rate of nitrate increased 4.3-fold from days 2 to 5 (Fig. 6) . The PN specific uptake rate of nitrate also increased by a factor of 4 in the IN-patch during the same period, indicating that the enhancement of nitrate uptake was not due to the accumulation of phytoplankton biomass, but the increase in nitrate uptake rate per phytoplankton biomass. Similar results of enhanced biomass-specific NO 3 uptake rates have been observed following iron enrichment during previous mesoscale Fe experiments in the equatorial Pacific (IronEx II: Coale et al., 1996; Cochlan 2001) , Southern Ocean (SOFeX: Coale et al., 2004; Cochlan and Kudela, 2006) , and the western (SEEDS: Kudo et al., 2005) and eastern (SERIES: Marchetti et al., 2006a) subarctic Pacific Ocean, as well as during deckboard bottle experiments in the Southern Ocean: (Timmermans et al., 1998; Cochlan et al., 2002) , equatorial Pacific (Price et al., 1991 (Price et al., , 1994 , and eastern subarctic Pacific Ocean (Boyd et al., 1996) . These results suggest that prior to Fe enrichment, the nitrate assimilation processes were likely limited by low availability of Fe since two metalloenzymes necessary for assimilating nitrate (nitrate reductase and nitrite reductase), require Fe for their functioning (e.g., Timmermans et al., 1994 , Kudo et al., 2000 , Milligan and Harrison, 2000 .
The increase in both ambient ammonium concentration ( Fig. 3) and PN-specific NH 4 uptake rates (Fig. 6A) were evident in the latter half of the observation period, presumably due to enhanced regeneration activities, and the resultant concentration-dependent affects on NH 4 uptake rate (e.g., Cochlan and Bronk, 2001) . These results are in contrast with others who generally have reported no substantial increase in specific NH 4 uptake rates following Fe enrichment of HNLC waters (Price et al., 1991 (Price et al., , 1994 Boyd et al., 1996; Cochlan and Kudela, 1996; Timmermans et al., 1998; Cochlan et al., 2002) . In SEEDS, most of the in situ N requirements were supported by nitrate uptake and the f-ratio (contribution of nitrate uptake to the total N uptake) was very high (>0.9) from days 7 to 13 . During SEEDS II, the f-ratio increased from 0.6 to 0.9 by day 5, but decreased to 0.8 on days 8 and 12, and to 0.4 by day 17 (Fig. 7) . One of the reasons for the difference in nitrogenous nutrition during these two experiments is the difference in the duration of that the fertilized Fe remained available for phytoplankton utilization. The decrease of dissolved Fe concentration after Fe-enrichment was much faster in SEEDS II than in SEEDS (Tsuda et al., 2007) .
A second Fe addition on day 6 in SEEDS II was required to maintain dissolved Fe concentration at higher than 0.5 nM. However, dissolved Fe concentration decreased to the same level as in the OUT-patch after day 10.
The total new production for 23 days was calculated as 13.5 g C m -2 , integrating the daily new production estimate from the PP and f-ratio for each day. This estimate was consistent with the new production based on the nitrate drawdown in the IN-patch (Saito et al., this issue) . This new production was 71% of the total PP, thus overall f-ratio was 0.71. in SEEDS II (this study). The SEEDS II experiment was conducted at almost the same place and timing as SEEDS, however, a substantially different algal response was observed (Tsuda et al., 2007) .
One of the possible explanations for the lower algal biomass was high grazing pressure by meso-zooplankton on diatoms (Saito et al., this issue; Tsuda et al., this issue) . Micro-sized phytoplankton (mainly diatoms) composed only 30% of total Chl-a, but decreased to <20% at the end of the observation period ( Fig. 4) . Another explanation was a lack of fast-growing neritic diatoms following Fe addition such as Chaetoceros debilis found in SEEDS (Tsuda et al., 2003) , although some oceanic diatom species such as Pseudo-nitzschia spp. and Neodenticula seminae increased in the Fe patch during SEEDS II (Tsuda et al., 2007) .
In contrast, the time required to attain maximal biomass concentrations was shorter in SEEDS and SEEDS II than in SERIES; 15-18 days in SERIES, 8-12 days in SEEDS and 11 days in SEEDS II. In SEEDS II, the SML integrated PP (Fig. 6 ) and assimilation number ( 
Heterotrophic bacterial response to Fe enrichment
BA was initially 1.5-2.0x10 11 cells m -3 , did not change in the OUT-patch, but increased 2.7-fold by day 14 in the IN-patch during SEEDS II. A similar 2.5-fold increase in BA was observed during SEEDS following Fe enrichment (Suzuki et al., 2005) . While total BP in SEEDS II showed 1.6-fold increase in the IN-patch relative to the OUT-patch, comparison of BP between the two experiments is not possible (no BP measurement in SEEDS).
Heterotrophic bacteria may compete for Fe with phytoplankton when Fe resources are limited because they have a higher requirement of Fe (relative to C) than phytoplankton (e.g., Maldonado and Price, 1999) . However, the increase in BP occurred 3-5 days after the increase in PP. Generally heterotrophic bacterial growth is considered limited by substrate availability (DOM) in the open ocean (Kirchman et al., 1993, Kirchman and Rich, 1997) . The major source of this substrate is phytoplankton either from direct exudation, passive release, or cell breakage during zooplankton grazing or viral lysis. Thus the increase in BP after Fe enrichment seemed the result of increased DOM supply by the acceleration of PP. This explanation is consistent with that presented for other HNLC areas, where heterotrophic bacterial growth is apparently limited more by the availability of DOM, not Fe (Church et al., 2000; Kirchman et al., 2000; Cochlan, 2001; Hall and Safi, 2001; Hale et al., 2006) . However, no obvious increase in DOC concentrations were found in the IN-patch during SEEDS II (Yoshimura et al., this issue) , possibly due to the labile nature of phytoplankton-derived DOC, and the preferential (and immediate) use by heterotrophic bacteria (Norrman et al., 1995; Meon and Kirchman, 2001) .
A comparison of the vertical profiles of PP and BP (Figs 1F and H) shows that PP decreased exponentially in response to the attenuation of light with depth whereas elevated BP was observed near the bottom of SML (day 7-12), suggesting that mixing processes distributed bacterial substrate uniformly within this layer. It is worth mentioning that BP increased again after day 20 when copepod biomass peaked (Tsuda et al. 2007 ), suggesting an acceleration of DOM release through active copepod ingestion.
To examine the microbial loop as a pathway for organic material in marine systems bacterial to primary productivity ratio (BP:PP) was often referred (Anderson and Ducklow, 2001) . The ratio of SML-integrated BP to PP in the IN-patch was 0.28 on day 0, but decreased to 0.1-0.15 from day 2 to 17, indicating the increase in PP was much larger relative to that in BP, but increased to 0.27 on day 23. These ratios were higher than the range reported during SERIES (Hale et al., 2006) ; ~0.1 from days 2 to 17. The ratio in the OUT-patch ranged from 0.10 to 0.19 during the observation period.
This range of BP:PP in the present study was similar to the value reported in the subarctic Pacific Ocean (Anderson and Ducklow, 2001) . Given that heterotrophic bacteria require organic carbon for both growth (biomass production) and metabolism (i.e., respiration), in order to determine the organic carbon requirements of heterotrophic bacteria it is necessary to know bacterial growth The SML integrated BCD was 370 mg C m -2 on day 0, increased after day 2 and peaked on day 8 at 629 mg C m -2 (Fig. 10) . The BCD decreased to the same level as that observed in outside waters on day 17. The ratio of depth-integrated BCD:PP was 0.48 on day 2, decreased to 0.37 on day 11 (when PP reached the maximum), and then increased to 0.52 on day 17. The integrated BCD was summed for the entire observation period (23 days), resulting in 8.9 and 6.3 g C m -2 for IN-and OUT-patches, respectively. Thus, the ratio of depth-integrated BCD:PP for the whole period in the IN-patch (day 0-23) was 0.47 and similar to that estimated for the OUT-patch (0.52).
Efficiency of biological pump
The SML-integrated PP was summed for 23 days (from days 0 to 23) as 19.0 and 12.2 g C m -2 for the IN-and OUT-patches, respectively. During the same period, the POC settling flux obtained from a floating sediment trap at 40 m was 9.3 and 8.2 g C m -2 for the IN-and OUT-patches, (Tsuda et al., 2007, Aramaki et al., this issue) . The export ratio (e-ratio: the ratio of exported production to particulate primary productivity) was calculated as 0.49 and 0.67 for the IN-patch and OUT-patch, respectively. This ratio was reported as 0.18 in SERIES (Boyd et al., 2004) based on a sediment trap at 50 m and the decrease in POC inventory after the peak of the diatom bloom (Day 18). Boyd et al. (2004) also reported a maximum estimate of this ratio as 0.22, considering a trapping efficiency of 76%. The e-ratio in this study was more than two times greater than those estimated during SERIES, suggesting a more efficient biological pump in the western subarctic Pacific Ocean. Fe enrichment in the HNLC waters is anticipated to sequester CO 2 to the deeper layer by means of accelerating primary productivity in the surface water and consequently increasing sinking flux of organic carbon to the deeper layer (biological pump). It is noteworthy that during SEEDS-II, the efficiency of the biological pump (e-ratio) did not change as a result of Fe enrichment although POC flux increased in the Fe-fertilized patch relative to the outside, unenriched waters. High e-ratios of ~ 0.5 in the northwest subarctic Pacific Ocean in summer also have been recently reported (Kawakami and Honda, 2007) .
Ontogenetic vertical migration of copepod was observed at the end of observation (Tsuda et al., 2007) and the amount of this migration flux was estimated as 89.2% of the net growth of copepod (Saito et al., this issue) . This flux was not included in the export flux measured by the floating sediment trap because trapped copepods were removed as swimmers (Aramaki et al., this issue) .
Thus, actual export ratio seemed higher than 0.49, which was estimated by sediment trap flux.
Fate of organic carbon production
As Fe-induced increases in Chl-a and PP returned to their initial levels by day 23 (Fig. 5 & 6) , carbon budget calculations were determined between days 0 and day 23 (Fig. 11 ). The budget calculation was made within the SML because the distribution of infused Fe was limited to this layer.
In our calculations we employed the following values measured or estimated during the observation period: integrated particulate PP (19.0 g C m -2 ), net POC inventory decrease (1.5 g C m -2 ), BP (2.7 g C m -2 ) and BCD (8.9 g C m -2 ). Total ingestion of meso-zooplankton was estimated as 9.8 g C m -2 , from integrated copepod biomass (Tsuda et al., 2007) and a ratio of daily ingestion to biomass (0.31; Tsuda et al., 2005) . Additionally the contribution of PP by smaller phytoplankton (nano-and picoplankton-sized) was estimated as follows; given that the growth rate of small phytoplankton at 5 m was ~0.3 d -1 and was almost balanced by protozoan grazing (estimated by dilution experiments on board; Tsuda et al., this issue) , and assuming a C:Chl-a ratio of 50 (Montagnes et al., 1994) , one can estimate carbon production based on Chl-a and growth rate. Using these assumptions, PP by smaller phytoplankton at 5 m depth was 30 mg C m -3 d -1 from days 10 to 12, and 15 mg C m -3 d -1 before day 9 and after day 13, and accounted for 33 and 50% of the total PP. So we assumed 42% of the measured particulate PP (8.0 g C m -2 ), was carried out by smaller phytoplankton. Thus, the rest (11.0 g C m -2 ) was produced by large phytoplankton (microplankton-sized). The percent extracellular release (PER), a fraction of DOM released relative to the whole (dissolved plus particulate) primary productivity, ranges from 10 to 20% in typical marine environments (Baines and Pace, 1991) although it varies greatly depending on physiological state of phytoplankton (Nagata, 2000) . In this calculation, we considered PER to be 13% of particulate PP for calculating the whole PP. The whole (dissolved + particulate) PP for 23 days was estimated as 21.5 g C m -2 . The whole primary productivity of 21.5 g C m -2 was divided into 12.4 and 8.8 g C m -2 for the large and small phytoplankton productivity. For the budget calculation following literature values were used;
Protozoan gross growth efficiency is 40% (Caron and Goldman 1990) , DOC release is 30% of ingestion (Strom et al., 1997) , meso-zooplankton gross growth efficiency is 40%, and DOC release and fecal pellet production are 22 and 18% of ingestion (Copping and Lorenzen 1980; Nagata, 2000; Strom et al. 1977; White and Roman 1992) . BP is assigned equally to protozoa and virus consumption (Nagata, 2000) .
Meso-zooplankton ingestion (9.8 g C m -2 ) was accounted for 45% of the whole PP, but some of them were released as DOC or POC, fueling bacterial production (Fig. 11) . The net growth of meso-zoolankton (3.9 g C m -2 ) was 18% of the whole PP. The bacterial carbon demand of 8.9 g C m -2 was accounted for 41% of the whole PP and supported by DOC or POC release from phytoplankton (28%), meso-zooplankton (25%), protozoa (31%) and viruses (16%). More than a half (56%, 12.1 g C m -2 ) of the whole PP was returned to CO 2 within the SML (Fe patch) through respiration by heterotrophic organisms (bacteria, protozoa and meso-zooplankton).
Almost all inputs and outputs in each compartment were matched in the budget calculation.
However, there were two discrepancies between our observations and calculations: meso-zooplankton growth and export. The difference in meso-zooplankton growth between the budget calculation and another estimate (Tsuda et al., this issue) was 1.4 g C m -2 . The difference between the budget and sediment trap measurement in export flux was 2.3 g C m -2 , equivalent to 25% of the actual export flux. The actual export flux (9.3 g C m -2 ) was 43% of the whole PP while it was 33% (7.0 g C m -2 ) in the budget calculation. Some of the estimates in this budget calculation may accompany certain errors because no measurements were made for some of the parameters required during the experiment. However, this is the estimate of carbon budget including the most detailed ecological processes in the Fe fertilization experiments.
The SEEDS II experiment was conducted during a time of elevated biomass of the meso-zooplankton, Neocalanus plumchrus, leading to a high C flow to meso-zooplankton (Tsuda et al, 2007) . It would seem interesting to plan any additional Fe enrichment experiment when lower meso-zooplankton biomass is expected to elucidate the contribution of meso-zooplankton to the efficiency of biological pump.
Conclusions
The second Fe enrichment experiment (SEEDS II) conducted in the western subarctic Pacific Ocean in the summer 2004 resulted in lower phytoplankton productivity and biomass than observed during the previous Fe experiment (SEEDS) conducted in the same region and season during 2001. Following Fe-enrichment, phytoplankton growth was initially enhanced by increased nitrate uptake (biomass-specific uptake rates increased 10 fold during the first 5 days), but by day 17 ammonium uptake dominated phytoplankton nitrogenous nutrition. Particulate PP increased on day 2 and peaked during day 5 and day 11, but after day 17 PP did not differ from the OUT-patch. The total particulate PP for 23 days of observation (19.0 g C m -2 ), was 1.6 times greater than that measured in the OUT-patch. The heterotrophic bacterial productivity (BP) increased after day 2 and peaked on 8, then declined afterwards. The delay in the BP increase suggests that the increased DOM supply from phytoplankton accelerated heterotrophic activity. Bacterial C demand (consumption) was fueled through phytoplankton exudation, heterotrophic organisms (meso-zooplankton and protozoa) and cell lysis by viruses. The comprehensive dataset in the Fe-patch survey enabled us to estimate the carbon budget during the development and decline of the bloom. About 33% of the whole (dissolved + particulate) primary production was exported by sinking particles, and 18% was transferred to meso-zooplankton net growth. The sum of community respiration was 12.1 g C m -2 , accounted for 56% of the whole PP. The export ratio by sinking particles was estimated as 0.49 and 0.67 for the IN-patch and OUT-patch, respectively. The ratio would be higher if including export by the vertical migration of copepods. These high ratios indicate a more efficient biological pump in the western subarctic Pacific Ocean even without supplementary Fe supply than in the eastern subarctic Pacific Ocean. However, more than half (56%) of the whole PP was respired (returned to CO 2 ) within the SML (Fe-patch), and a further fraction of the exported production would be respired at a relatively shallow depth (~200 m). 3%  30  29  24  18.5  23  18  23  33  26  33  33   1%  41  41  33  25  34  28  34  46  38 
Figure legend
